We investigate the role of hyperons in the dynamical collapse of a non-rotating massive star to a black hole(BH) using one dimensional general relativistic GR1D code. We follow the dynamical formation and evolution of a protoneutron star (PNS) to a black hole using various progenitor models, adopting a hyperonic equation of state (EoS) generated by Shen et. al. We compare the results with those of nuclear EoS by Shen et. al. and understand the role of strange hyperons in the core collapse supernova. We discuss the neutrino signals that may be used as a probe to core collapse. Further, an exotic EoS can support a much lower maximum mass cold neutron star compared to PNS. In this regard, we also study the metastability of PNS in the presence of hyperon in the long-time evolution of the progenitors, relevant to supernova SN1987A.
recently utilised to study the behaviour of black hole formation and neutrino emission with hyperons and/or pions in [16] . Recently stellar core collapse simulations were reported with additional pions and Λ particles in LS EoS [7] . Shen et. al. extended their nuclear EoS [9] to include hyperon degrees of freedom in the RMF framework [4] , which we eventually use for our supernova simulations and label as npΛ EoS.
Neutrinos are very important observables for the core collapse supernova explosions. The massive stars at their final journey implode so quickly that the inner core rebounds; a shock wave is said to form [17] . After the core bounce, trapped neutrinos diffuse out of the core and escape the surface of the star, which can be recorded by the detectors on earth.
The neutrinos carry off most of the energy; the shock soon loses its power and stalls after traversing a few hundred kilometers [17] . The neutrino signals cease. There are different ideas to revive the shock, which could trigger a delayed supernovae explosion. One such idea is a quark-hadron phase transition in the high density core of the compact star [18] . This would be manifested by a subsequent set of neutrino burst.
SN1987A, since its discovery, has become the most studied star remnant in history and has provided great insights into supernovae and their remnants. Observation of a burst of neutrino signal for at least 12s after the explosion strongly supports to the scenario that a proto neutron star (PNS) was initially present in the core which cooled via neutrino emission and collapsed later. The fading light curve also lends support to this picture.
During deleptonisation, the hot and neutrino-trapped PNS may end up either to form a cold neutron star (CNS) or a BH. Till date astronomers have not been able to find a neutron star in the remnant of this type II supernova. However, the existence of a metastable PNS at least 12s after the explosion indicates to some deep physical implications [19, 20] .
It is believed that the fate of the compact object depends on the EoS and the amount of infalling material. The general relativistic calculations limit a maximum mass that can be sustained by an EoS [21] . There are two possible scenarios of formation of BHs after the supernova explosion. If the BH formation time is comparable to accretion time, the PNS must have accreted sufficient mass on that time scale to overshoot the maximum limit set by the EoS [22] . However, a delayed BH formation indicates the metastability in neutron stars on the deleptonisation time-scale which is consistent with the observation of SN1987A.
Strangeness could be the reason for such delay in BH formation [23] . Strange matter, that is believed to exist in the high-density core of neutron stars [1] might already exist in the early post-bounce phase of a core-collapse supernova. We explore if strange Λ hyperons can drive the BH formation in the long time evolution of the PNS i.e. 12 seconds as was in SN1987A.
It has been reported by several authors that the PNS made up of nucleons have a slightly smaller maximum mass than the neutrons stars [19, 24, 25] . Bethe and Brown calculated the maximum mass of the CNS which is known as the Bethe-Brown limit (1.56M ⊙ ) [20] . PNS with exotic matter have maximum mass larger than CNS and Bethe-Brown limit, a reversal of the conventional nuclear matter scenario [19, 20] . Since baryonic mass is conserved, once sufficient thermal support is lost with cooling, the PNS becomes metastable and it would collapse to a low mass BH. The delayed collapse to BH was studied using a hyperon EoS earlier [27, 28] . However, the hyperon EoS used in these cases were not a state of art EoS like Shen hyperon EoS [4] .
In this paper, we report the influence of hyperons on the BH formation using the spherically-symmetric general relativistic hydrodynamic code, GR1D [26] , designed to follow the evolution of stars beginning from the onset of core collapse. We adopt two sets of the Shen EoS-for nucleon (np) [9] and Λ hyperon (npΛ) degrees of freedom [4] . We comment on the neutrino signal that might be observed as a result of phase transition from nucleonic to hyperonic matter. Finally, we investigate the problem of metastability of the PNS in SN1987A and whether hyperons can delay the BH formation for a while (∼ 12 s) or not.
The paper is arranged as follows. In Section 2, we briefly describe the EoS and GR1D code. Section 3 is devoted to result discussion. Finally we summarise in Section 4.
II. THE EOS AND THE NUMERICAL SIMULATION
We use the nuclear and Λ hyperon EoS by Shen et. al [4, 9] for our simulations. Shen nuclear EoS is based on a relativistic mean field model at intermediate and high densities (ρ > 10 14.2 g/cc). At low temperature (T≤ 14MeV), and ρ < 10 14.2 g/cc, Thomas Fermi approximation is used. The non-uniform matter at low temperature and density is modeled to consist of free nucleons, α particles and heavy nuclei whereas at extremely low density (ρ < 10 10 g/cc) and finite temperature uniform nucleon gas of n, p, α particles is considered.
Leptons are treated as uniform non-interacting relativistic particles and their contributions are added separately. Minimisation of free energy is done both for non-uniform matter and uniform nucleon gas at low density. For ρ > 10 14.2 g/cc, the calculation has been done in finite temperature, field-theoretical RMF model in which the interactions among baryons are mediated by the exchange of σ, ω and ρ mesons. In this case, the calculations are done with the TM1 parameter set [10] , that are obtained by fitting the experimental data for binding energies and charge radii of heavy nuclei. With the TM1 parameter set, the nuclear matter saturation density is 0.145f m −3 , the binding energy per nucleon is 16.3 MeV, the symmetry energy is 36.9 MeV and the compressibility is 281MeV [10] . and whereas the coupling constant for Λ hyperon-scalar meson interaction is determined by fitting experimental binding-energies data for single-Λ hypernuclei [29] . Λ hyperons appear when the threshold condition, µ n = µ Λ is satisfied at higher density, where µ n and µ Λ are the chemical potentials of neutron and Λ hyperon respectively. Other hyperons, Ξ & Σ are excluded due to their relatively higher threshold and lack of experimental data [4] .
We use the open source code GR1D [26] for the supernova simulations. GR1D is a spherically-symmetric, general-relativistic Eulerian hydrodynamics code for low and intermediate mass progenitors. It is designed to follow the evolution of stars beginning from the onset of core collapse to BH formation and makes use of several microphysical EoS. Neutrino effects are crucial in stellar collapse, they are the source of both cooling as well as heating [26] . Here neutrinos other than electron type (ν e ) and anti-electron (ν e ) are grouped as ν x .
So, three sets of neutrino species, ν e ,ν e and ν x = (ν µ ,ν µ , ν τ ,ν τ ) are considered. Neutrino emission takes place when electrons are captured by free or bound protons leading to fall of lepton number. In this code, lepton fraction is parameterized as a function of density according to Liebendörfer's prescription [30] . However, post bounce, it can not capture the effect of neutrino cooling, deleptonisation and neutrino heating. Hence a 3-flavor, energyaveraged neutrino leakage scheme is adopted [26] . This captures the effects of cooling. The leakage scheme provides approximate energy and number emission rates. Neutrino heating is included via a parameterized charged-current heating scheme based on Ref. [31] . One can adjust the neutrino heating in the simulation through a scale factor f heat as discussed in Ref [26] . We take f heat = 1, if not mentioned otherwise.
III. RESULTS & DISCUSSION
We solve the Tolman-Oppenheimer-Volkov equation for zero temperature (T=0) EoS of neutron stars (NS) assuming neutrino-less β equilibrium. The maximum mass of the neutron star for np EoS is 2.18M ⊙ , whereas for npΛ EoS, the maximum mass reduces to 1.82M ⊙ .
The corresponding radii are 12 and 12.5 km respectively.
We perform simulations with f heat = 1 for several progenitor models of Woosley et.
al [32] using GR1D [26] for Shen EoS-np as well as and npΛ EoS [4, 9] and tabulate bounce time, BH formation time, maximum baryonic and gravitational mass of PNS in Table 1 . The black hole formation time is quoted in post-bounce, not in real timeline, unless mentioned otherwise. We observe that the maximum mass is higher than that of NS. We run our simulations until post bounce 3.5s assuming they might have exploded in nature by this time [26] . When accretion pushes PNS over its maximum mass, a BH is formed.
In Fig 1. we plot the temporal evolution of the baryonic and gravitational mass of PNS for progenitor models, 40M ⊙ and 23M ⊙ . The bounce corresponds to the spikes at real timeline t bounce = 0.273s and 0.266s respectively for the two progenitors, which we take as post-bounce t=0 in the figure. The value of t bounce is same for the np and npΛ EoS, as the contribution of hyperon is not important at that time as we would see later in Strangeness degrees of freedom softens the EoS and in the process can support less mass against gravity compared to non-strange stars. Continued accretion thus overshoots the maximum mass early. Or in other words, the stiffer EoS leads to larger post-bounce time to BH-formation. We compare this with the results of a 23M ⊙ progenitor (the lower set of lines in Fig. 1 ). The PNS mass is much less than that of 40M ⊙ progenitor. Also, in this case the PNS accretes matter for a longer time until it blows as BH at 1.623(0.847)s post bounce for np(npΛ) EoS, the maximum baryonic mass being 2.594(2.304)M ⊙ . Here also Λ hyperons is noted to hasten the BH formation. [4, 9] and different progenitor models of Wooseley & Heger [32] . np npΛ Owing to the hyperon emergence, the contraction of PNS is accelerated, which leads to quicker rise in temperature and central density.
In Fig. 4 , we compare the density profiles of PNS for np and npΛ cases in the two panels.
We use coloured lines (online) for 23M ⊙ progenitor. For 40M ⊙ progenitor, it is noted that the density rises from less than normal nuclear matter density (ρ 0 ≃ 2.4 × 10 14 g/cc) at the surface to a few times ρ 0 at the core. The plateau in the mid-radius region could be attributed to strong thermal pressure as evident in Fig. 5 We compare the evolution of temperature profiles in the absence/presence of Λs in Next we compare the compositions of PNS in Figs. 6 and 7. In Fig. 6 we notice that initially at core bounce the system consists of neutron and protons only; hyperons appears first in the collapse at 0.16s after core bounce (assuming 10 −3 considerable amount of fraction). The central density that was just above normal nuclear matter density (see Fig. 2 ) at bounce rises to 3.79 × 10 14 g/cc ≃ 1.6ρ 0 at 0.16s after bounce. The temperature also increases to 16.26MeV. This is at par with our earlier findings that the appearance of Λ hyperon is delayed until the matter density reaches at least 2ρ 0 at T=0 [24, 33] and the threshold density shifts to lower density with increasing temperature [4] . We display a snapshot of mass fraction for the 40M ⊙ progenitor at 0.363s and 0.563s in the left panel of Fig. 7 . It is interesting to note that hyperons appear off-center owing to high temperature, although density is still on the plateau. At 0.363s after core bounce, the abundance of Λ becomes significant at R ≃ 10km, as temperature is maximum there (Fig. 5 ) . It even falls sharply after reaching the peak due to fall in temperature, only to rise at the core again owing to high density there. At a later time, the high central density forbids it from dropping too low, once it reaches the peak at mid-radius region. Thus, Λ becomes one of the major components in the core. Similar snapshots are drwan for 23M ⊙ progenitor in the right panel at 0.363s and 0.840s.
We study the evolution of total neutrino-luminosity, that includes contribution from ν e , ν e and rest ν x [35] and find a short neutrino burst (∼ 1s) before the PNS, born temporarily in a failed-supernova, terminates in a BH. The resulting neutrino burst in np and npΛ cases are quite similar, differ only in earlier termination of burst in the latter. The neutrino burst ceases at 1.085s and 1.623s post-bounce for np case for 40 and 23M ⊙ progenitors respectively. The soft npΛ EoS lowers the critical mass of PNS, thus accelerates the mass accretion onto it and triggers the gravitational instability at 0.565s and 0.847s post-bounce for 40 and 23M ⊙ progenitors respectively. However, no second neutrino burst is observed as was in quark-hadron phase transition [18] . The quark EoS is stiff while the nucleon-hyperon phase transition being weak first order or second order, yields a soft EoS. So, npΛ though triggers BH formation, fails to generate a second shock.
At this point we recall the observationobserved to be of burst of 11 and 8 anti-neutrinos from SN1987A over the time period of 12s in the underground detectors of Kamiokande II in Japan and IMB in Ohio, respectively. All the evidence reveals that the supernova SN1987A lies at the position of a former, blue super-giant star, Sanduleak-69202 of mass around 20M ⊙ . So, did SN1987A create a BH at the end of 12s, when the neutrino signals ceased or did it end up as a neutron star? In order to explain the observations, we follow the evolution of the progenitors of mass ∼ 20M ⊙ for 12s. Since one-dimensional supernova models can not produce an explosion, we increase the energy deposition by artificially raising the neutrino heating (f heat ). The scaling factor f heat appears in the parameterized neutrino heating [26, 31] . Until now, we used standard setting of f heat = 1 in our calculations. Our motivation is to study if the shock can be revived through neutrino heating and whether metastability is a plausible mechanism with hyperons to collapse the PNS in a BH. Once sufficient matter is accreted onto the PNS, it might overshoot the maximum mass that can be supported by the EoS and eventually would collapse to a BH after a while. Ott et.al found BH formation for some extreme models within 1s of the cooling phase [34] . In Fig 8. we plot the shock radii for the 23M ⊙ progenitors with different values of f heat . For higher values of f heat , the shock radii increase with time. We find f heat = 1.37 corresponds to the critical value required to cause a successful explosion. For f heat = 1.35, a BH is observed to be formed. The PNS never ceases to accrete mass even for higher values of f heat . We do not notice any BH formation through metastability during 20s after bounce. We compare the density and temperature profiles with f heat > 1 to our previous simulations in Figs 9 and 10. We do not notice any signature of blow-up, which could support the metastability and consequent BH formation. Even after 12 s, PNS remains stable. Thus at the end, a NS with hyperon seems to be a possibility. Same feature is evident in the gravitational mass evolution (Fig. 11 ) also. The full lines are for 40(23)M ⊙ progenitors with f heat = 1.
The other lines are for f heat > 1 and 23M ⊙ progenitor. Therefore, we can conclude that Λ hyperons alone are insufficient to support metastability, accretion of matter on PNS is also important for BH formation.
IV. SUMMARY
We studied the effect of hadron-hyperon phase transition in core-collapse supernova using general relativistic hydrodynamic simulation GR1D [26] . By following the dynamical collapse of a new-born proto-neutron star from the gravitational collapse of several progenitor stars adopting Shen hyperonic EoS table [4] , we noticed that Λ hyperons appear just after
bounce. It appears off center at first due to high temperature and prevails at the center of the PNS just before the BH formation, when the density becomes quite high. The 40M ⊙ progenitor has been studied by several other authors [7, 15, 26] due to its relatively large iron core. We compare our results for the 40M ⊙ progenitor with Sumiyoshi et al [15] , who found t BH = 0.682s with their EoS containing Λ, Σ and Ξ hyperons. Peres et al. [7] however found t BH = 0.2745s for LS220 + Λ EoS. For Shen npΛ EoS we observed BH formation at 0.565s.
Λ hyperons triggers the black-hole formation, but fails to generate the second shock as the EoS is softened too much with their appearance. The emergence of Λ hyperon in the collapse produces an intense but short neutrino burst, which terminates at the BH formation.
However, no second neutrino burst is observed as in quark-hadron phase transition [18] . The quark EoS is stiffer compared to hyperon EoS, which might be a possible reason for no-show of a second neutrino burst in the latter case. Also, accurate determination of neutrino fluxes and energy demands the use of better transport calculations than the schemes adopted in GR1D.
We reported the long-time evolution of the 23M ⊙ progenitor in order to explain the observations following the advent of supernova SN1987A. We noticed in models with hyperonic EOS, the maximum gravitational mass of the PNS exceeds that of the NS. The PNS cools via neutrinos and once sufficient thermal support is lost, no stable configuration exists and the PNS might collapse to a BH. Since one-dimensional supernova simulations is unlikely to produce a successful explosion, we artificially adjusted the amount of neutrino heating via the scale factor f heat to achieve explosions. However, no BH formation was noticed even after 20s(shown upto 11sec in Figs. 8-11 ). We find that the supernova ends up as a NS for 23M ⊙ progenitors. For the metastability of the PNS and the delayed BH formation it is noted that hyperons alone could not do this job.
Also, the maximum mass in Shen npΛ EoS is not at par with the latest benchmark observations of neutron star masses [2, 3] . More hyperon physics at high densities required at this point. Still, existence of high mass neutron stars with hyperons is possible in quarkmeson coupling model, SU(3) nonlinear sigma model, extended RMF model etc [36] [37] [38] . We are working towards an EoS table with hyperons for supernova simulation with densitydependent couplings [33, 39] .
There are possibilities for other strange degrees of freedom in the form of kaon condensates to appear in the highly dense matter. We have seen such a phase transition can support a maximum mass [19] , which is well above 2M ⊙ [2, 3] . It would be intriguing to investigate if a hadron-antikaon condensed matter can generate the second shock and lead to supernova The dark full line is with f heat = 1 for 40M ⊙ , rest are for 23M ⊙ progenitor.
